Abstract The impact of a dozen mixtures of the most commonly applied aphicides: Mospilan 20 SP (acetamiprid), Pirimor 500 (pirimicarb) and Karate Zeon 050 CS (lambdacyhalothrin), combined with the mineral oil Sunspray 850 EC, was researched in field conditions to assess their effectiveness in limiting potato tuber PVY, PVM and PLRV infection. In spite of the greatest reduction in the number of aphids occurring following application of Mospilan 20 SP, this treatment was not as effective in limiting PVY infection as, for example, applying Sunspray 850 EC mineral oil. Mineral oil, when used on its own or in a mixture with Pirimor 500 WG, was found to be the most effective measure for limiting PVY infection (the incidence of tubers infested with PVY was reduced by 64 % relative to control, i.e. no protection). A slightly weaker effect was observed in the case of a combination of the mineral oil with full doses of Karate Zeon 050 CS with a half of a dose of Mospilan 20 SP insecticide, however only for protection against PVY. A similar trend was observed for PVM even though a significant difference was only observed for Sunspray 850EC+Pirimor 500WG. In conclusion, the application of insecticide mixtures with mineral oil in protecting against PVY infection is not always as effective as the application of the oil itself only. Addition of the insecticide may sometimes improve the efficacy of protection, however, due to the extra costs involved, not always does it have to be economical.
Introduction
The potato is susceptible to numerous diseases, including viral infections. Viruses are considered to be among the most dangerous and difficult diseases to control. According to Brunt et al. (1997) the potato can be attacked by over 50 viruses. However, not all of them are of economic importance. The most significant are: Potato virus Y (PVY), Potato virus M (PVM) and Potato leafroll virus (PLRV). These can substantially lower the quantity and quality of the yield (Kerlan 2009 , Whitworth et al. 2006 , and because of potatoes' vegetative way of reproduction, they are easily transmitted to new generations of tubers. These viruses are widespread across Europe, while PVY is a very common virus in many regions of the world (Solomon-Blackburn and Barker 2001) with over 350 plant species as potential hosts (Shukla et al. 1994) . PVM is a widespread potato virus found more commonly in Eastern Europe than in other parts of the world (Loebenstein and Thottappilly 2003) , although it is also common in New Zealand (Fletcher 2012 ). It does not have such economic significance as PVY except in cases of infection of cultivars strongly reacting to PVY infection (Chrzanowska and Zagórska 1996) . In some parts of the world, PLRV is still perceived to be the virus that causes the greatest volume of losses in tuber yield after PVY, reaching up to 90 % (Kerlan 2009, Rahman and . However, due to a limited number of potential hosts -approximately 40 species (Sharma 2006, Thomas and Hassan 2002) -and limited vectors, as well as commonly applied insecticides, it has a substantially reduced impact.
Both viruses PVY and PVM are transmitted by aphids in a non-persistent manner on their stylets (Kostiw 1987 , Basky 2003 . Many aphid species have the ability to transmit viruses on stylets. However potato colonizing aphids are the most effective vectors. Myzus persicae Sulzer is the most effective PVY vector (Cerato et al. 1994 , Collar et al. 1997 , Derron and Goy 1990 , Kostiw 1987 , Sigvald 1984 . Aphis nasturtii Kalt. is the most effective vector of PVM (Kostiw 1987) due to its widespread presence in potato plantations and can play a role in the spread of PVY as well (Kostiw 2011) . Aphids flying over potato plantations by chance in search for an host plant, yet are not potato colonizing aphids, play an increasingly important role in non-persistent transmission during the initial phase of the growth season Robak 2008, 2010) . This is associated with their earlier (approx. 2 weeks) and more intense flights than potato aphids in Poland. Some of these are able to transmit viruses in a non-persistent manner (Sigvald 1984 , Kostiw 1987 , Kostiw and Robak 2002 . PLRV is also transmitted by aphids but in a persistent manner. Having acquired the virus an aphid becomes its vector for the rest of its life. M. persicae is the most effective vector (Robert and Maury 1970 , Robert 1971 , Kostiw 1987 , Castle and Berger 1993 .
Virus diseases are particularly significant in seed production where virus protection is a priority. Chemical control of virus vectors is one approach adopted for controlling the spread of these. Though, in the case of protection against PLRV, chemical treatment is effective, for PVY and PVM it is of little or no benefit at all (Milošević 1996 , Iovieno et al. 2002 , Olubayo et al. 2010 , Hansen and Nielsen 2012 . When sources of PVY and PVM infection are found on the plantation or nearby, aphid control itself is not effective because of the short duration an aphid requires to acquire and transmit the virus from one plant to another (already from a few seconds) compared to the much greater time required to paralyze the aphid following its treatment with an insecticide (Kostiw 1987, Wróbel and Turska 2007) . When a potato plantation is adequately isolated from sources of infection, effectiveness of insecticides in limiting the spread of the virus can reach high levels because of the small probability of its transmission (Wisłocka and Gabriel 1980, Milošević et al. 2012) .
The application of mineral oil is a more effective way of protecting against non-persistent viruses. Studies implying the possibility of oil substance usage in protection against viruses were reported as early as the 1960s, in particular against PVY (Bradley et al. 1962 (Bradley et al. , 1966 Bradley 1963) . Nowadays mineral oils are commonly applied for potato protection in many European countries (Harringrton et al. 1989 , Sigvald and Hulle 2004 , Martín-López et al. 2006 , Steinger et al. 2014 , including in Poland, where it is used increasingly in the case of cultivars susceptible to PVY. A high level of effectiveness (over 50 %) for potato protection against PVY infection was reported in field conditions by Kurppa and Hassai (1989) , Milošević (1996) , Turska and Wróbel (1999) , Wróbel (2006) , Rolot et al. (2008) , Boiteau et al. (2009 ), Olubayo et al. (2010 , Fageria et al. (2014) , Steinger et al. (2014) . According to Boiteau et al. (2009) , in addition to application of mineral oil, greater protection can be achieved by ensuring adequate isolation around the plantation, e.g. use of potato plants resistant to PVY. However, Steinger et al. (2014) stated that the efficacy of mineral oil treatment was higher in the years of high infection pressure or for the most susceptible potato cultivars. In earlier studies it was demonstrated that some oil substances, apart from offering PVY protection can also protect potatoes from PVM (Kostiw and Iskrzycka 1976) and Potato virus S (PVS) as well as against PLRV (Turska 1984) .
Therefore, the question arises whether one can apply in a single treatment a mixture of insecticide and oil and what effect this then has in providing protection against viruses? Moreover, whether the addition of oil, which is a type of adjuvant, allows one to decrease the dose of the insecticide without losing its effectiveness? Many studies have previously described the possibility of applying mineral oils together with insecticides in the protection of various plants against viruses (Lowery et al. 1990 , Marco 1993 , Weeb and Stephen 1993 , Asjes 1991 . In the case of potatoes, much of the research has been based on using out-of-date and often no longer available pyrethroids (Bell 1989 , Gibson and Rice 1986 , Rolot et al. 2008 or on comparing the effectiveness of protection against viruses between oils and insecticides or mixtures of insecticides only (Martín-López et al. 2006 , van Toor et al. 2009 , Olubayo et al. 2010 . Many papers are concerned exclusively with the impact of the mineral oil or insecticides on aphids themselves, their development or ability to acquire viruses (Powell and Hardie 1994 , Powell et al. 1998 , Boquel et al. 2013 .
Thus, in order to investigate the above questions, the current research, carried out in field conditions during the period 2008-2011, assessed the impact of seven mixtures of the most frequently applied aphicides: Mospilan 20 SP, Pirimor 500 WG and Karate Zeon 050 CS with mineral oil Sunspray 850 EC to analyze their effectiveness in limiting the infection of potato tubers by PVY, PVM and PLRV.
Material and Methods
The research was carried out in field conditions in 2008, 2009 and 2011 in the north of Poland in the Department of Seed Production and Potato Protection of the Institute of Plant Acclimatization and Production at the National Research Institute at Bonin near Koszalin. The effectiveness of seven mixtures of the mineral oil Sunspray 850 EC with three commonly applied insecticides was assessed in terms of efficacy of potato tuber protection against viruses. The following insecticides were applied: Mospilan 20 SP, Pirimor 500 WG and Karate Zeon 050 CS using full and half doses of these substances (Table 1) .
To assess the effectiveness of the mineral oil, insecticides and their mixtures in limiting the infection of potato tuber with PVY, PVM and PLRV, we used an early cultivar, Rosalind, which is susceptible to viruses (resistance to PVY -5.5; PVM -3.5; PLRV -6 using a resistance scale of 1-9 where 1 denotes no resistance and 9-extreme resistance). Every year healthy seed material of the elite class (B/I or B/II) was supplied by the owner of the cultivar, the Europlant company.
The experiment involved three replications in each year with full randomization of the experimental plots. Each plot had 100 potato plants (25 plants per row x 4 rows, each plant planted in an area of 0.75 m x 0.3 m). Additionally, around each field, 50 potato plants which were secondarily PVY, PVM, and PLRV infected were planted and these constituted the source of infection. This arrangement was intended to create provocative conditions by increasing virus pressure.
The whole experimental plot had potatoes planted on its three sides, which measured over 100 meters; on the fourth side, about 15 meters away there was a field with winter barley planted on it. Between this field and the experimental plot there was a stretch of fallow land.
The observations of the number of aphids on potatoes were carried out every 10 days, starting from 1 June. The method of 100 leaves was applied. For this purpose one leaf was picked from the middle layers from each plant (100 leaves in total) and all the aphids were counted, sorted according to species and developmental forms. The aphids were counted in order to determine a threshold above which you need to spray insecticide. Because 99 % of the observed aphids were non-winged it was straightforward to assess the dynamics of aphids' development which provided information on the effectiveness of the treatment. The observation was finished at the end of July.
Treatments with mineral oil were conducted systematically every 7 days (its recommended frequency) and the number of treatments using the insecticides dependent on the number of aphids in earlier observations. If the number recorded during observations was small (i.e. the number did not increase) only the oil was used, otherwise an adequate amount of insecticide was added (Table 2 ). The first treatment was made having arrived at 95 % of emergence in the plots (end of May, beginning Sunspray+Mospilan 10/5 8/4 7/3 † In the case of mixtures, the first value denotes the number of treatments with mineral oil exclusively. The second value denotes the number of treatments in which a mixture of oil and insecticide was used of June) and the last one at the end of July. The treatments were carried out using a small sprayer tractor using a hollow-cone nozzles (disc number 1.0 mm) at a pressure of approx. 8 bar.
A week after the last treatment with mineral oil, leaves were destroyed chemically-mechanically. For this purpose, the above ground part of the plant was broken down using a tractor haulm smasher topper, leaving behind an approximately 15 cm-long stalk which was subsequently sprayed with a half dose of Reglone 200 SL (active ingredient -diquat ion 200 g l −1
), i.e. 2.5 l ha −1 . To assess the effectiveness of the protection against viruses, one tuber of diameter 40-50 mm was taken from each plant at random, a total of 3 x 100 tubers for each combination. The assessment of PVY, PVM and PLRV infection of the collected tubers was carried out following 8-9 months of storage, in the spring of the following year (April-May) in a visual examination using the DAS ELISA test. The assessment procedure was as follows: having removed a part of the tuber with an eye, these were planted in pots with soil substrate in a glasshouse. Approximately 4 weeks after planting, rising 2-3 leaves were picked out from the middle layer of each plant and juice was extracted from them. The juice was diluted with a buffer (ratio 1:10) and the presence of viruses (PVY, PVM and PLRV) was assessed applying the modified DAS ELISA test procedure, as described by Wróbel (2013) . Polyclonal antibodies by Neogen Europe Ltd. (http://plant.neogeneurope.com) were applied, along with titer micro plates by Greiner Bio (No. 655101).
The results on the virus infection of tubers were transformed for normality of data taking a constant inoculum (the number of infectors around the plot) according to the equation (Wójcik et al. 1976 ):
in which y value after transformation value in % values of virus infection in percentage Subsequently the obtained results were analyzed using an analysis of variance (ANOVA). To assess the significance of differences between the studied combinations and years, mean values were tested using Tukey's test at the significance level α =0.05. Statistical calculations were made using Statistica program 10.0 (StatSoft, Inc. 2011). Following the analyses, the obtained values were retransformed into percentage values and are presented in this form in the paper.
Results and Discussion
The spreading of viruses between years was varied (Table 3, 4). The findings indicate that the greatest pressure of viruses was recorded in 2008, and the lowest in 2011. For PLRV, in spite of there being many sources of this virus at each of the plots, there was no observable spreading.
Kostiw (2011) also highlights the dominating role of PVY in Poland's conditions claiming that, since 2006, the first infections with this virus have been observed to appear cyclically very early, i.e. as soon as the last 10 days of May. This is in contrast to previous years when they were not as repetitive and took place at different times, starting between the last week of May until the second half of June. In the case of PVM, the situation is very similar.
According to Chrzanowska et al. (2011) the dominating significance of PVY in Poland is connected with changes in the population of strains of this virus and the susceptibility of some cultivars to Potato Tuber Necrotic Ringspot Disease (PTNRD), caused by necrotic strain PVY NTN (Chrzanowska 2004, Chrzanowska and Zagórska 2004) , as well as an increase in the importance of other aphid species as virus vectors (Kostiw and Robak 2008) , weather changes (earlier spring, warm and dry periods in the summer), and lower resistance of cultivated cultivars (especially foreign ones). PVM occurs nowadays with a much smaller intensity than observed 30 years ago (Zagórska and Chrzanowska 2007) . Whereas PLRV, on the basis of a 12-year period of observations (Kostiw 2011) and detailed data from the official control of seed material (Wróbel and Wąsik 2013) , its low pressure in Poland was recorded, or with a total absence in some regions of the country. This implies that a virus which used to be considered to be the most dangerous 20-30 years ago, causing huge yield losses, at present has no significance at all. Mineral oil was most effective in protection against PVY (Table 3 ). In comparison with insecticide protection the differences were clear and statistically significant in each year of the research, in spite of varied infection pressure of the virus. Similar dependencies were observed also for PVM, yet they were not statistically significant (Table 4) . In practice, according to Milošević et al. (2012) if there is a high pressure of PVY, using only insecticides to control it, is impossible. Also Hansen and Nielsen (2012) did not find any significant impact of neonicotinoids in PVY control, in spite of their high efficacy in controlling the number of aphids. It is the mineral oil which many researchers in particular Olubayo et al. (2010) , Hansen and Nielsen (2012) , Fageria et al. (2014 ), Steinger et al. (2014 ), consider to be the most efficient in protecting potatoes against PVY Using insecticides on their own as well as in mixtures with mineral oil does not always impact upon control of aphid numbers (Wróbel 2011b) . However, the reduction of the number of aphids in a situation where around healthy material there are numerous sources of infection (plants infected with viruses) does not guarantee protection of healthy plants against the infection (Milošević et al. 2012 ). This can be confirmed by Mospilan 20 SP.
Used much less often than other insecticides, it has nevertheless been found to offer the greatest effectiveness for aphid control (Wróbel 2011b ). Yet in assessing its effectiveness in limiting PVY infection, it was not as effective as Sunspray mineral oil 850 EC (Table 5 ). It was found that Sunspray 850 EC mineral oil used by itself or together with Pirimor 500 WG limited the PVY infection very effectively (the incidence of PVY infested tubers was lowered by 64 % compared to the contact-based effect both on its own and in mixture with the mineral oil -there were no significant differences in reducing the number of aphids during the growth season (Wróbel 2011b) . The effectiveness of the remaining combinations of the insecticide with mineral oil, or insecticideonly treatments, was too small, compared to oil only, to be practically useful. Many authors point to better penetration and higher effectiveness of the insecticide when applied in combination with the mineral oil, as compared to when used on its own (Moustafa and El-Attal 1985; Horowitz et al. 1997 ), yet this dependency is not always replicated for all insecticides (Treacy et al. 1991; Pree et al. 1996) . Martin-López et al. (2006) claim that in spite of the absence of any reduction of aphids numbers on potatoes, mineral oil was much more effective in reducing the level of PVY tuber infection than cypermethrin, following the usage of which, 4 times fewer aphids were recorded. Therefore, it is not always the case that the reduction of aphid numbers on leaves results in a lower level of tuber infection by viruses.
The impact of the assessed insecticides, applied in various combinations, for the reduction of PVM spread was statistically significant only in one year of the research and the differences were much smaller than in the case of PVY (Table 6) .
One reason for this could have been the much lower and quite diversified pressure of this virus in the research years. Moreover, from previous research it is known that mineral oil used on its own is not always as effective for protection against PVM as it is in the case of PVY (Wróbel 2006 (Wróbel , 2007 (Wróbel , 2011a (Wróbel , 2012 . In many cases effectiveness of protection depends on the year of research and thus also on the infectious pressure of the virus, yet the results are not unequivocal. Across the literature worldwide there is no information as such examining the possibility of potato protection against PVM. From the conducted research it is not entirely clear for all of the research years, but it appears that in the case of this particular virus the mixture of mineral oil with Pirimor 500 WG is the only effective mixture (according to the statistical analysis). Other combinations that could have been singled out are Sunspray 850 oil used separately as well as in mixture with Karate Zeon 050 CS or Mospilan 20 SP. In all of these cases the effectiveness in PVM reduction was higher than in the remaining combinations, indicating small statistical differences. However, these dependencies were only detected in 2008, in which year a higher virus pressure was observed compared to the remaining years of the research.
Conclusion
Applying mixtures of insecticides with mineral oil for protection against PVY is not always as effective as applying the oil itself. Addition of insecticide may sometimes improve the efficacy of protection however, due to high extra costs it does not always have to be economical.
